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Abstract The Electromagnetic Levitational Gas Condensation (ELGC) method was used to synthesize ZnO
nanorods. In this paper, the formation mechanism of the synthesized nanorods is discussed. The ELGC
method involved vaporization of the levitated Zn specimen, with subsequent condensation and oxidation
of nuclei formed under Ar or He–0.2Ar and O2 atmospheres. The particles were characterized by X-ray
Diffraction (XRD), Scanning ElectronMicroscopy (SEM) and Transmission ElectronMicroscopy (TEM). The
presented results showed that the [0001]-oriented ZnO nanorods were directly produced by the ELGC
process under different process conditions.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Semiconductor compounds have received much attention
during the last few years, because of their novel optical and
transport properties, which have great potential formany opto-
electronic applications. Bulk zinc oxide (ZnO) is a well-known
n-type semiconductor, with a wide band gap and high exci-
tation binding energy. ZnO has been used in many diverse
applications, such as; antibacterial [1], nanoprism probe for
nanooptical applications [2], MEMs [3], solar cells [4], ultravi-
olet light emitting diodes [5], thin-film transistors [6], piezo-
electric transducers [7], varistors [8], and pigment in paints [9],
etc. Studies have been carried out to fine-tune the properties of
ZnO to adopt it for different applications; for example, the band
gap of ZnO is modified to use as UV detectors and emitters. The
optical and electronic properties of semiconductors can be fur-
ther tuned by varying the size of the particles in the nanomet-
ric range. In recent years, nanoparticles of ZnO have received
increasing interest, due to their possible use in a range of new
nanodevices.
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Open access under CC BY-NC-ND license.So far, ZnO nanoparticles has been synthesized with dif-
ferent methods, including; pulsed laser ablation [10], DC
thermal plasma [11], thermal evaporation [12], spray pyrol-
ysis [13], thermochemical decomposition of metal organic
precursors [14], sol–gel [15], hydrothermal [16], sonochemi-
cal [17], microemulsion [18] and many combined, assisted and
novel routes. ZnO has more than fourteen different morpholo-
gies, some ofwhich are; hollow porousmicro-flakes [19], flocky
spheres [20], rose-like structure [21], umbrella-like [22], castle-
like [23], hexagonal cones [24], fibers [25], nails and combs [26],
needles [27], rods [28], wires [29], stars [30], webs [31], and
tetrapods [32], etc. Among thesemorphologies, considerable at-
tention has been paid to the rods and tetrapods, because of their
promising application to optics [33].
There are critical issues in the fabrication of compound
nanoparticles, such as purity, size and size distribution,
and production rate. The Electromagnetic Levitational Gas
Condensation (ELGC) method is a novel method, capable of the
direct synthesis of pure nanoparticles with a high production
rate. In thismethod, the sample is levitated in themagnetic field
of a specially designed induction coil carrying an alternative
current. The specimen is then heated, melted and, finally,
evaporated. The metal vapors are then condensed by the cold
inert gas stream flowing upward in the reactor, and the particles
are collected in a filtering system. Bigot and Champion [34,35]
reported first attempts on using electromagnetic levitation
melting for the synthesis of metal nanoparticles. They used
liquid nitrogen/argon for condensing the metal vapors. Uhm
et al. [31] have synthesized nanoparticles of some metals and
oxides using the ELGCmethod under vacuum. Ag nanoparticles
have been produced by Malekzadeh et al. [36], using this
method, with different carrier gases. Recently, Kermanpur et al.
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have synthesized different metal nanoparticles of Fe [37],
Al [38] and Zn [39], using this method, under atmospheric
and reduced atmospheres. Due to difficulties in the levitation
melting of alloys, no extensive research work has been
reported so far on the use of this technology for the synthesis
of different nanomaterials. Moreover, only a few examples
have been reported, where rod-like semiconductor and metal
nanoparticles could be prepared in a controllable manner using
evaporation or colloido-chemical techniques.
In the present work, pure ZnO nanorods were directly
synthesized with the one-step ELGC method, using the gas
mixture of Ar or He–0.2Ar and O2 under atmospheric and
reduced pressures. A possible mechanism for the formation of
ZnO nanorods is discussed.
2. Materials and methods
Details of the experimental set-up of the ELGC system are
explained elsewhere [37–39]. A close-up of the reactor cham-
ber is schematically shown in Figure 1. A bulk Zn sample, with a
purity of 99.9%, was levitated in the magnetic field of a suitable
induction coil. Design of a suitable coil was determined by a fi-
nite element simulation of electromagnetic forces exerted ontothe levitated specimen [40]. The samplewasmelted and started
evaporation rapidly. The Zn vapors were then condensed by an
inert carrier gas (Ar orHe–0.2Arwith the purity of 99.999%), and
the condensed particles were eventually collected in a bubble
filter. In order to synthesize ZnO nanoparticles, Zn vapors were
oxidized by introducing pure O2 (99.999%) gas into the reactor
at the onset of Zn evaporation. Themorphology, size, size distri-
bution and crystallinity of ZnO particles were characterized by
transmission electron microscopy (TEM Philips CM120), scan-
ning electron microscopy (SEM Philips XL30), X-ray Diffraction
(XRD Philips X’Pert with Cu-Kα anode) and the image analysis
software of Image Tools.
3. Results
In order to condense the metal vapors ascending from the
surface of the levitated droplet, two types of carrier gas of
Ar and He–0.2Ar were used. The latter had a higher cooling
efficiency. The oxygen gas was also fed in through the reactor
at the onset of levitation. Figure 2 shows XRD patterns of
particles synthesized at different gas molar ratios of O2/Ar
under atmospheric pressure. Figure 2(a) corresponds to the
XRD pattern of particles synthesized using oxygen-free Ar, in
which only peaks corresponding to pure crystalline Zn can be
seen, in agreement with the data from JCPDS card No. 04-0831.
The XRD patterns of the particles, with introducing O2 gas into
the reactor, show that a decrease in the intensity of Zn peaks
and an increase in the intensity of ZnO peaks are occurred
by increasing the molar ratio of O2/Ar (Figure 2(b)–(d)). The
XRD pattern of the particles synthesized with the molar ratio
of O2/Ar = 0.12 shows that all Zn characteristic peaks are
vanished (see Figure 2(d)). This pattern is in agreement with
the JCPDS cardNo36-1451,which corresponds to thehexagonal
wurtzite structure of ZnO. The sample temperature and molar
production rate under this condition were estimated 1400 °C
and 0.04 mol min−1, respectively. The SEM micrograph of the
ZnO particles synthesized under atmospheric pressure with the
O2/Ar molar ratio of 0.12 is shown in Figure 3. As can be seen,
the particles are mostly in the form of rods and a small amount
of tetrapods. The mean length and width of ZnO rods were
measured as 290.6 and 132.4 nm, respectively. It should be
noted that due to instability in the droplet levitation, increasing
themolar ratio of O2/Armore than about 0.12was not possible.
This may be due to the formation of a thick oxide layer over the
droplet that could make the specimen a nonconductor.Figure 2: XRD patterns of the particles synthesized under atmospheric pressure at different O2/Ar gas molar ratios of (a) 0, (b) 0.06, (c) 0.10, and (d) 0.12.
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Figure 4 shows XRD patterns of particles synthesized with
the carrier gas of He–0.2Ar under different gas temperatures
and pressures. Figure 4(a) corresponds to the XRD pattern of
the particles synthesized under atmospheric pressure, using O2
and He–0.2Ar, with the molar ratio of 0.18. In Figure 4(b), O2
and He–0.2Ar, with the same molar ratio, were passed through
a sufficient long copper coil immersed in liquid N2 before being
introduced to the reactor. The decrease in gas temperature was
measured to be about 75 K. In Figure 4(c), the reactor pressure
was reduced to about 330 mm Hg by a rotary vacuum pump.
The molar ratio of O2/He–0.2Ar for the synthesis of fully ZnO
oxide particles was 0.21. As shown, all patterns show full oxide
particles, without metal particles left.
Figure 5 shows TEM micrographs of ZnO particles synthe-
sized under different conditions, using He–0.2Ar as the carrier
gas. As can be seen, the particles are mostly in the form of rods
and a small amount of tetrapods. However, the difference is de-
voted to the length and width of the ZnO particles.
4. Discussion
Growth mechanisms of ZnO nanocrystals have been already
studied in colloid chemistry [41,42]. However, less information
is available for the formation of these crystals by condensation
fromvapor. Rod formation essentially requires anisotropic crys-
tal growth, which is usually realized when the free surface en-
ergies of the various crystallographic planes differ significantly.
There aremainly twomodels for ZnOnanorods. One is ‘‘Ostwald
ripening’’ and the other is ‘‘Oriented attachment’’. The formerTable 1: Surface and attachment energies for various
crystallographic planes of ZnO [44].
Plane Surface energy
(kJ mol−1)
Surface energy
(kJ mol−1)
(100) −2.0013 67.7622
(001) −2.8102 51.3887
(101) −2.1067 81.1227
(102) −1.9602 97.9916
(110) −2.0013 67.7622
(103) −1.7686 114.8816
(201) −1.6507 116.7443
considers that in a particle system with different sizes, large
particles grow at the expense of small ones. The latter involves
spontaneous self-organization of adjacent particles. They share
a common crystallographic orientation, followed by joining of
these particles at a planar interface.
To understand the formation mechanism of ZnO nanorods
in the ELGC process, the classic BFDH method, suggested by
Bravasis, Freidel, Donnary and Harker, and the HP model,
proposed by Hartman and Perdok, were used [43]. The BFDH
model assumes that the most energetically stable and slowest
growing faces are the ones with the highest density of material
and the largest spacing between adjacent layers of materials.
It points to those planes having a strong tangential force and a
weak normal force being the most dominant faces. The growth
velocity, Rhkl, of a crystalline plane (hkl) in the normal direction
is inversely proportional to the inter-plane spacing, dhkl. Thus,
one can get the ideal shape of a hexagonal structure ZnO
to be two hexagonal-truncated pyramids at two ends with a
hexagonal prism in the middle. According to the HP model,
the growth rate of a crystallographic plane depends on the
attachment energy, Eat , of the plane, Rhkl ∝ |Eathkl|. The calculated
attachment energies for various crystallographic planes for a
hexagonal structure ZnO are listed in Table 1 [44]. Faces with
low attachment energiesmove in themost prominent direction
during the growth of crystal. It can be seen that the (002)
plane along the [0001] direction of ZnO nanoparticles has a
faster growth rate than the others. Thus, the dominant growth
mechanism of ZnO nanorods should be mainly an oriented
attachment mechanism.
The ZnO particles synthesized in the present work, under
different process conditions, all showed the rod-like shape (as
shown in Figure 5). In order to find out the preferential growth
rate of the particles, the relative widths of some principal peaks
were determined from the XRD patterns shown in Figure 4.Figure 4: XRD patterns of the particles synthesized under (a) atmospheric pressure of O2/He–0.2Ar with the molar ratio of 0.18, (b) atmospheric pressure of N2-
cooled O2/He–0.2Ar with the molar ratio of 0.18, and (c) reduced pressure of O2/He–0.2Ar with the molar ratio of 0.21.
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(c) reduced pressure.Table 2: Comparison of the FWHM of the most three intense peaks in each
pattern.
Gas type Pressure
(mm Hg)
FWHM of the most three intense
peaks in each pattern
(101) (002) (100)
Ar+ O2 760 0.0045 0.0041 0.0044
He−Ar+O2 760 0.0045 0.0040 0.0043
He−Ar+O2 760 0.0049 0.0044 0.0047(N2-cooled)
He−Ar+O2 330 0.0048 0.0041 0.0048
In Table 2, the Full Widths at Half the Maximum (FWHM) of
the three most intense peaks for each pattern are compared
with each other. It can be seen that the relative width of the
(002) peakwas smaller than all other planes in all XRD patterns.
This clearly confirms that the preferential growth axis for the
particles is along the [0001] direction. However, the process
conditions change the size of the rod-like particles.
Table 3 shows the mean size of ZnO particles synthesized
under different process conditions. It can be seen that the
particle size is decreased by using the carrier gas of He–0.2Ar
compared to that of Ar. The reason is due to the lower
atomic weight of He atoms compared to that of Ar atoms.
As nucleation and, subsequently, condensation of the particles
in the ELGC method are performed by collision of the metal
vaporswith inert gas atoms, the hotmetal vapors can gainmore
energy from the heavier inert gas atoms by collision, which,
consequently, results in a higher undercooling and growth rate
for metal clusters. Moreover, the lower thermal conductivity
of the Ar (0.0177 W m−1 K−1) compared to that of He–0.2Ar
(0.1513 W m−1 K−1) makes the entire gas mixture cool more
slowly. Therefore, the particles condensed by the Ar atoms
should have a larger size compared to those formed by the
He–0.2Ar gas.
It can also be seen in Table 3 that the particles synthesized
with a cooler gas or under a reduced pressure had a smaller
mean size. This has already been reported for the pure Zn
nanoparticles [39]. However, for ZnO, reducing the temperature
of the carrier gas resulted in nodrastic change inmorphology, as
it changed the morphology of Zn nanoparticles. The formation
of particles with a smaller mean size at a reduced pressure was
attributed to the higher mean free path and lower probabilityTable 3: Themean size of ZnO particles synthesized under different process
conditions.
Gas type Pressure
(mmHg)
Mean size (nm)
Length
(L)
Width
(W)
Aspect ratio
(L/W)
Ar+ O2 760 290.6 132.4 2.19
He− Ar+ O2 760 94.7 54.7 1.73
He− Ar+ O2 760 79.7 35.4 2.25(N2-cooled)
He− Ar+ O2 330 83.3 26.6 3.13
of particle collision. However, in the case of ZnO formation, the
presence of O2 from early stages of evaporation may lead to the
formation of surface-oxidized particles, whichwould have non-
efficient collisions. This means that collision of the oxidized
particles could only cause a fracture into smaller particles
(i.e. with lower aspect ratio values) rather than a coalition.
Therefore, it is not surprising that particles synthesized at a
pressure of 330 mm Hg are distributed at higher values of l/w
ratio.
5. Conclusions
In the present study, the formation mechanism of ZnO
nanorods by the electromagnetic levitational gas condensation
method was studied. The results showed that the preferential
growth axis of the nanorods along the [0001] direction was
consistent with the predictions of the BFDH and HP models.
The particles synthesized by the carrier gas of He–0.2Ar were
smaller than that of Ar. Reducing gas temperature and reactor
pressure both led to the formation of smaller ZnO nanorods.
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